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NATIONAL ADVISORY COMMImE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

ANALYTICAL INVESTIGATION OF FUEL-COOLED TURBINE BLADES 

W I T H  REXTJRN-FLOW TYPE OF FINNED COOLANT PASSAGES* 

By Alfred J. Nachtigall  and Henry 0. Slone 

SUMMARY 

Coolant-flow r a t e s  f o r  a turbine rotor  blade with return-flow type 
of coolant-passage configuration formed by f i n s  within a capped blade 
s h e l l  were inves t iga ted  with both hydrogen and methane f u e l s  as cool- 
an t s .  The inves t iga t ion  was made f o r  a high-al t i tude supersonic turbo- 
j e t  engine ( f l i g h t  Mach number, 2.5; a l t i t udes ,  50,000 and 80,000 f t )  
with a tu rb ine - in l e t  temperature of 3000° R. Ranges of coolant i n l e t  
temperatures from looo t o  1000° R and coolant i n l e t  pressures  from 3000 
t o  20,000 pounds pe r  square f o o t  were invest igated.  

When hydrogen f u e l  was used as the  coolant, the  coolant-flow re -  
quirements var ied from 11 t o  20 percent of t h e  primary combustor f u e l  
flow a t  a f l i g h t  a l t i t u d e  of 50,000 f e e t  and from 8 t o  25 percent a t  a 
f l i g h t  a l t i t u d e  of 80,000 feet. When methane f u e l  was used as the  
coolant, t he  coolant-flow requirements were 29 percent  of t he  primary 
combustor fuel-f low requirements a t  a f l i g h t  a l t i t u d e  of 50,000 feet. 
With regard t o  pressure drop, t h e  problem of passing t h e  required 
coolant-flow rates f o r  t h i s  ty-pe of configuration did not  appear ser ious.  
For equal pressure drop and duct length, the duct diameters when hydro- 
gen was used as t h e  coolant were as much as one and one-half times 
g rea t e r  than those when methane was used. Cooling of gas turbines  with 
f u e l s  such as hydrogen and methane appears f eas ib l e .  

INTRODUCTION 

The use of l i q u i d  hydrogen o r  l iquidmethane as the  f u e l  f o r  a gas- 
tu rb ine  engine (refs. 1 and 2)  would provide a large-capacity hea t  s ink  
f o r  cooling loads i n  high-speed a i r c r a f t .  
was t o  inves t iga t e  the  use of these two fue ls  as coolants f o r  a type of 
r o t o r  blade i n  a high-temperature turbine.  

The purpose of t h i s  repor t  

A t  f l i g h t  Mach numbers of about 2.5 and higher, it becomes increas-  
i ng ly  d i f f i c u l t  t o  u t i l i z e  air  bled from the engine compressor f o r  

T i t l e ,  Unclassif ied.  * 
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turbine blade cooling because the cooling-air  temperature i s  d i r e c t l y  
dependent on the f l i g h t  speed and a l t i t u d e .  It i s  desirable ,  therefore ,  
t o  f i n d  su i tab le  methods of reducing the  cooling-air  temperature. This 
temperature can be reduced by (1) re jec t ing  heat t o  a colder  f l u i d  by 
means of a heat exchanger, ( 2 )  using r e f r i g e r a t i o n  systems such as those 
discussed i n  reference 3, or (3) spraying water i n t o  cooling a i r  t o  make 
use of the l a t e n t  heat  of vaporization of t h e  water. The s p e c i f i c  l i q -  
uid consumption required f o r  the  engine i s  increased, of course, i f  
water i s  sprayed i n t o  the cooling air. Also, it may be d i f f i c u l t  t o  
provide a r e f r i g e r a t i o n  cycle t h a t  i s  much b e t t e r  than using a heat ex- 
changer alone (ref. 3 ) .  
provide an  excel lent  heat sink, s o  t h a t  a heat exchanger could be used 
w i t h  the  f u e l  as the  receiver.  This system, as w e l l  as t h e  other sys- 
tems mentioned, however, r e s u l t s  i n  added engine weight. Therefore,. 
t h e  use of the f u e l  as a coolant d i r e c t l y  would be more des i rab le  and 
would thus eliminate the weight and bulkiness of a heat exchanger. 

Fuels such as l i q u i d  hydrogen or l i q u i d  methane 

There are two other  important advantages t o  using f u e l  as a coolant. 
F i r s t ,  t h i s  type of turbine-cooling system i s  f r e e  from f l i g h t  Mach 
number l imi ta t ions  because the  fuel-coolant i n l e t  temperature i s  l a r g e l y  
independent of f l i g h t  speed and a l t i t u d e  i f  the f u e l  tanks a r e  insulated.  
Second, with regard t o  engine performance, r e j e c t i n g  t h e  heat  absorbed 
by the f u e l  coolant i n t o  the  engine compressor-discharge a i r  i n  t h e  com- 
bustor is  probably the  most e f f i c i e n t  turbine-cooling method known. 
The e f f e c t s  on engine performance are shown i n  reference 4 f o r  a s i m i -  
lar case where heat is  r e j e c t e d  at t h e  compressor e x i t  f o r  l iqu id-  
cooled turbines .  

The use of f u e l  as a turbine blade coolant requi res  a blade t h a t  
does not discharge the  coolant i n t o  t h e  gas stream but ,  instead, has a 
return-flow path i n  the blade so  t h a t  the  coolant ( f u e l )  can be ducted 
t o  the engine burners after it cools the turbine blades.  The f e a s i b i l -  
i t y  of such a blade w a s  invest igated a n a l y t i c a l l y  with hydrogen as the 
coolant and i s  reported i n  reference 5. The blade configuration used 
( re f .  5) w a s  about the simplest configuration that could be conceived 
f o r  a return-flow blade. Other configurations could undoubtedly make 
more-effective use of the coolant. 

Other f a c t o r s  that must be considered when f u e l  i s  used as a cool- 
a n t  are t h e  s t a b i l i t y  of the  f u e l  and any e f f e c t s  t h a t  t h e  f u e l  may 
have on t h e  turbine blade materials. Methane i s  one of t h e  most s t a b l e  
of a l l  the  hydrocarbons; however, it does start  t o  decompose a t  a tern- 
perature of 1530° R (850° K) (ref,  6) .  
methane would probably never reach t h i s  temperature, and the  resihence 
times would be very s m a l l  f o r  flow through a turbine blade. Fuel sta- 
b i l i t y ,  therefore,  w i l l  probably not  be a problem, but  experimental 
evaluation of the problem would undoubtedly be required. Using hydro- 
gen as a coolant could possibly cause hydrogen embrittlement i n  turbine 
blades of some materials. With t h e  proper material se lec t ion ,  this need 

The bulk temperature of t h e  
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not  be a problem. Consequently, based on s t a b i l i t y  and e f f e c t s  on blade 
mater ia l s ,  both methane and hydrogen could possibly be used as coolants 
f o r  tu rb ine  blades. 

The purpose of t h i s  repor t  w a s  t o  invest igate  the  possible  use of 
engine f u e l s  (hydrogen and methane) as coolants f o r  turbine r o t o r  h1s.d-es 
and t o  determine the  pressure-drop cha rac t e r i s t i c s  of these coolants f o r  
a turbine blade with a more e f f ec t ive  coolant-passage configuration than 
t h a t  considered i n  reference 5 but  for the same engine and f l i g h t  condi- 
t i ons .  The conditions of t h i s  invest igat ion were f o r  a high-al t i tude 
supersonic tu rbo je t  engine ( f l i g h t  Mach number, 2.5; f l i g h t  a l t i t u d e s ,  
50,000 and 80,000 f t )  with a turbine- inlet  temperature of 3000' R and 
a turbine blade-root cen t r i fuga l  stress of 50,000 pounds per  square inch. 
Coolant i n l e t  temperatures from 100' t o  1000° R were invest igated.  

BLADE DESCRIPTION 

Since t h e  coolant-passage configuration f o r  t he  reverse-flow blade 
of reference 5 w a s  not as e f f ec t ive  as might be des i red  f o r  d i s t r i b u t -  
ing  the  coolant t o  the  leading and t r a i l i n g  edges, a more-effective type 
of coolant passage, shown i n  f igu re  l ( a ) ,  w a s  used i n  t h e  ana lys i s  re- 
ported herein.  The hollow space ins ide  the blade s h e l l  is  divided in-  
t o  a s e r i e s  of spanwise passages by f i n s  between t h e  suct ion and pres- 
sure surfaces  of t he  blade s h e l l .  Alternate f i n s  have a gap between t h e  
end of t he  f i n  and the  cap over the  blade t i p  t o  allow t h e  coolant flow- 
i n g  r a d i a l l y  outward i n  one passage t o  cross over and r e tu rn  r a d i a l l y  
inward i n  t h e  adjacent passage formed by the f i n s .  Hereinafter that 
por t ion  of t he  passage f o r  radial-outward flow will be known as l e g  I 
of t he  coolant passage, while the  port ion f o r  radial-inward flow w i l l  
be known as l e g  11. The f i n s  not only serve t o  form a series of passage 
p a i r s  f o r  outward and re turn  flow of t he  coolant, bu t  they a l s o  serve 
as augmenting hea t - t ransfer  surfaces w i t h i n  t he  blade she l l .  

For the  major port ion of t he  invest igat ion,  it w a s  assumed t h a t  t he  
f i n s  were 0.005 inch th i ck  and the  f i n  pi tch w a s  0.105 inch (0.100-in. 
spacing between f i n s ) .  Since the  distance across  the  blade va r i e s  from 
leading t o  t r a i l i n g  edges, a mean f i n  height of 0.200 inch w a s  assumed. 
The ana lys i s  was made f o r  a representat ive passage p a i r  ( l eg  I p lus  
l e g  11), as indica ted  on f igu re  l ( b )  . I n  order t o  determine the  re-  
quired coolant flow per  blade, it was assumed t h a t  the  blade could be 
represented by 1 2  such mean passage p a i r s  placed s ide  by s ide  ori i t s  
mean camber l i n e .  Coolant-passage-flow area was assumed t o  be constant 
with span. 
s tud ied  by changing the  f i n  thickness t o  0.010 inch and the  f i n  height 

The e f f e c t s  of geometry on coolant-flow requirements were 
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Geom- 
e t r y  

t o  0.150 inch while keeping the  f i n  p i t c h  a t  0.105 inch. 
passage and f i n  geometry used a r e  given i n  the  following t ab le :  

The values of 

Average 
f i n  
height,  

I in- 

Fin 
thick-  
ness, 

i n .  

0.005 
.010 
005 
.010 

Fin 
spac - 
ing  , 
i n .  

0.100 
.095 
loo 
095 

Fin 
pi tch,  

i n .  

0 105 
.lo5 
.lo5 
.lo5 

Flow 
area per  
pas sage 
leg,  

s q  i n .  

0.0200 
.0190 
0150 

,0143 

Hydrau- 

eter, 

0.1333 
.1288 
.1200 
.1164 

ANALYSIS 

The present  ana lys i s  i s  concerned only with the turb ine  ro to r  
blades. 
these blades with the  following assumptibns : 

Equations were derived f o r  the  coolant-flow requirements of 

(1) The e f f e c t i v e  gas temperature i s  constant spanwise and chord- 
wise and i s  equal t o  t h e  midspan value. 

(2)  The gas-to-blade hea t - t ransfer  coe f f i c i en t  i s  constant  chord- 
wise. 

(3) Coolant heat- t ransf  e r  cor re la t ions  f o r  f u l l y  developed flow a r e  
used. (Passage i n l e t  e f f e c t s  a r e  ignored.) 

(4) Radial and chordwise heat conduction i n  t h e  blade s h e l l  i s  
neglected. 
fects of chordwise conduction a r e  small.) 

(Calculations using chordwise conduction indicated the e f -  

(5) Radiant heat  t r a n s f e r  i s  neglected. 

(6) The coolant-passage-flow a rea  i s  constant i n  a spanwise d i rec-  
t ion .  

( 7 )  The 180' flow reve r sa l  i n  t h e  coolant passage i n  the  blade t i p  
produces no pressure loss .  

Basic Equations f o r  Temperature Dis t r ibu t ions  

The equations used t o  ca l cu la t e  t he  average blade-shel l  temperature 
and the coolant temperature i n  the  coolant passage f o r  a segment of t he  

C0NFIDENTIAJ.l 
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span at  a given spanwise s t a t i o n  are derived i n  appendix B. (All sym- 
bols  a re  defined i n  appendix A . )  
f o r  the segment at a given spanwise s t a t i o n w a s  calculated by means of 
t he  following equation: 

The average blade-shel l  temperature 

- Tc,I, in + "c,I,out 
Tc,av,I - 2 

and 

- Tc,II , in  + "c,II,out 
2 

- 
Tc, av, 11 (3) 

Since the ca lcu la t ion  of the  blade-shell temperature d i s t r ibu t ion  
begins a t  the  base of t he  blade, where the  coolant i n l e t  temperature 
i s  known, it i s  a l s o  necessary t o  know the coolant o u t l e t  temperature 
a t  the base. This coolant o u t l e t  temperature can be calculated from 
the  t o t a l  heat input i n t o  the  blade: 

I n  order t o  ca lcu la te  f i l m  temperatures on which t o  base coolant 
heat- t ransfer  coe f f i c i en t s  on the f i n  surface, t h e  mean f i n  temperature 
was calculated from the  following equation: 

The coolant temperatures a t  a given spanwise pos i t ion  were ca lcu la ted  
by the  following two equations: 

CONFIDENTIAL 



......................... . . . . . . .  * .  . . . . . . . . . . . . . . . .  . . ...... 
a .  ................................. 0 .  . . .  .... ........ 

0 .  0 .  . . . 0 .  0 .  0 .  . 
6 CONFIDENTIAL NACA E57D03 

Basic Equations f o r  Pressure Distr ibut ion 

The basic  equations used t o  evaluate the coolant pressure require- 
ments a r e  the same as those used i n  the  inves t iga t ion  of reference 5 and 
are  presented i n  reference 7. The so lu t ion  of these equations w a s  ac- 
complished on an IBM 650 magnetic drum ca lcu la tor .  

ANALYTICAL PROCEDURE 

The a n a l y t i c a l  procedures employed i n  t h i s  inves t iga t ion  were very 
similar t o  those employed i n  reference 5. The determination of the  
necessary coolant flow required t h e  evaluation of the  radial blade-shel l  
temperature d i s t r i b u t i o n  by means of equation (1). 
ture  d i s t r i b u t i o n  was obtained f o r  an,assumed coolant weight flow and 
then matched t o  an allowable spanwise blade temperature d i s t r i b u t i o n . ,  
The matching process was a t r ia l -and-er ror  procedure of cor rec t ing  t h e  
coolant flow u n t i l  the calculated blade temperature was equal t o  the 
allowable temperature a t  some spanwise s t a t i o n  but  d i d  not exceed it a t  
any other  spanwise s t a t i o n .  

This blade tempera- 

Before equation (1) could be solved t o  obtain a blade-shel l  t e m -  
perature d i s t r i b u t i o n  which could be matched t o  an allowable tempera- 
tu re  d i s t r i b u t i o n ,  other  f a c t o r s  o r  conditions needed t o  be known. 
These were: (1) turbine geometry and operating conditions, ( 2 )  allow- 
able blade temperature, (3) gas-to-blade hea t - t ransfer  coef f ic ien ts ,  
(4) coolant hea t - t ransfer  coef f ic ien ts ,  and (5) coolant f r i c t i o n  coef - 
f i c i e n t s .  
quirement. O f  these,  t h e  f i r s t  t h r e e  conditions were i d e n t i c a l  t o  
those used i n  t h e  ana lys i s  of reference 5 and w i l l  not be discussed. 
The last two w i l l  be discussed i n  some d e t a i l ,  inasmuch as the  geometry 
of the coolant passage and t h e  hea t - t ransfer  and f r i c t i o n - f a c t o r  corre- 
l a t i o n s  used w e r e  d i f f e r e n t .  

Item (5) w a s  needed i n  t h e  ca lcu la t ion  of the  pressure r e -  

Coolant Heat-Transfer Coeff ic ient  

Forced-convection hea t - t ransfer  cor re la t ions  were used f o r  t h e  
same reasons discussed i n  reference 5 under t h i s  heading. For the 
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turbulent-flow regime, t he  hea t - t ransfer  cor re la t ion  employed i n  t h e  
ana lys i s  of reference 5 w a s  a l s o  used: 

Nu = 0.023 Reoo8ProD4 

mL.- L..-L..l -.-.I. - 7  . - ~  - -  - --- - - -  - 
b~ U u ~ t l l ~ - ~ ~ u w  r e g i m e  was assumed t o  ex is t  f o r  Eeynoids numbers 

grea te r  than 7000, as indica ted  by f igu re  2 of reference 8. 

I n  the  t r a n s i t i o n  region between the  laminar- and turbulent-flow 
regimes, the  following hea t - t ransfer  cor re la t ion  w a s  used: 

Nu - Re = 0.00313 (9) 

For t h e  laminar-flow regime, the  hea t - t ransfer  co r re l a t ion  used was 
dependent on t h e  aspect  r a t i o  of t he  coolant passage, which i s  the  r a t i o  
of f i n  height t o  f i n  spacing fo r  t h e  inves t iga t ion  reported herein.  Ex- 
cept  f o r  t h e  study of t h e  conduction e f f ec t s  of f i n  height  and f i n  
thickness,  t h e  major port ion of t h e  analyses was f o r  a coolant passage 
with an aspect  r a t i o  of 2. Therefore, throughout t h i s  inves t iga t ion ,  
t he  co r re l a t ion  f o r  laminar flow was taken t o  be 

NU = 3.39 (101 

as read from t h e  curve f o r  constant w a l l  temperature f o r  an  aspec t  r a t i o  
of 2 from f i g u r e  9 of reference 9. 

The l i m i t i n g  Reynolds number between t h e  laminar-flow regime and 
t h e  t rans i t ion- f low regime w a s  determined from equations (9)  and (10) 
t o  be about 1100. F lu id  proper t ies  i n  these and t h e  following equations 
w e r e  based on f i l m  temperatures. F lu id  propert ies  of gaseous hydrogen 
w e r e  obtained from reference 10, and f l u i d  proper t ies  of gaseous methane 
were obtained from reference 11. 

Coolant F r i c t ion  Coefficients 

I n  order t o  determine the  pressure requirements f o r  t he  type of 
blade coolant-passage configuration being analyzed, it was necessary 
t h a t  t h e  coolant f r i c t i o n  f a c t o r s  be known. For the  turbulent-flow 
regime (Re > 7000), t h e  f r i c t i o n  f a c t o r  was ca lcu la ted  i n  the  same manner 
as i n  reference 5 by means of the  Kddn-Nikuradse equation: 

- 1 2 loglo (@ Re) - 0.8 
* =  

CONFIDENTIAL 
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I n  t h e  t r a n s i t i o n  region, the  f r i c t i o n  f a c t o r  w a s  assumed t o  be constant: 

f = 0.0085 (12)  

For f u l l y  developed laminar flow, t h e  f r i c t i o n  f a c t o r  was 

f = 15.6 R e  (13) 

which was determined from f i g u r e  1 7  of reference 9 f o r  an  aspect  r a t i o  
of 2. 
f l o w  regimes as determined from equations (12 )  and (13) was 1835. 

The l i m i t i n g  Reynolds number between t h e  Laminar- and t r a n s i t i o n -  

Calculation Procedure 

I n  order t o  determine the  required coolant flow within t h e  pressure- 
drop l imi ta t ions  f o r  a given coolant, blade operating conditions,  and 
blade geometry, the required coolant flow w a s  determined by hea t - t ransfer  
and strength-of-material  requirements. This coolant flow was then used 
t o  determine t h e  pressure requirements. The blade w a s  divided i n t o  10 
equal spanwise segments, and t h e . h e a t - t r a n s f e r  calculat ions were i n i t i -  
a ted a t  t h e  blade root  with an assumed coolant flow. 
with the blade divided i n t o  20 segments r e s u l t e d  i n  b e t t e r  accuracy of 
the r e s u l t s .  
adequate.) The average blade temperature TB (eq. (1)) of each succeed- 
ing segment w a s  ca lcu la ted  by an i t e r a t i v e  procedure. Since equation 
(1) represents  conditions i n  both legs  of the  coolant passage, it w a s  
necessary t o  consider both legs  i n  t h e  ca lcu la t ion  f o r  a segment. 

(Trial ca lcu la t ions  

However, the  accuracy with 10 segments was considered 

The segment i n l e t  coolant temperature i n  l e g  I, the segment o u t l e t  
coolant temperature i n  l e g  11, and t h e  allowable blade temperature were 
used i n  an i n i t i a l  evaluat ion of t h e  segment average blade temperature 
(eq. (1)). Subst i tut ing t h i s  segment blade temperature i n  equations (6 )  
and (7 )  r e s u l t e d  i n  segment coolant o u t l e t  and i n l e t  temperatures f o r  
legs I and 11, respect ively.  Average coolant temperatures were then 
determined from equations (2)  and ( 3 ) ,  and t h e  segment average blade 
temperature w a s  reca lcu la ted  using these  average coolant temperatures 
and t h e  previously calculated TB t o  determine f i l m  temperatures f o r  
the hea t - t ransfer  coef f ic ien ts .  I n i t i a t i o n  of the  procedure at the  
blade root  required the  evaluat ion of t h e  coolant o u t l e t  temperature f o r  
leg 11. 
the t o t a l  heat input t o  the  blade w a s  determined by s u b s t i t u t i o n  of t h e  
allowable temperature at t h e  midspan of the blade f o r  t h e  unknown aver- 
age blade temperature. 

This temperature w a s  approximated from equation (4) assuming 

The calculated temperature d i s t r i b u t i o n  f o r  t h e  complete blade w a s  
compared with t h e  allowable blade temperature d is t r ibu t ion .  
corrections were appl ied t o  t h e  coolant f low i n  successive trials until  

Appropriate 
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t h e  ca lcu la ted  temperature a t  some poin t  on the  span very near ly  agreed 
(within &lo R) with the  allowable temperature but  did not  exceed it a t  
any o ther  spanwise s t a t ion .  
of equation (4) was then compared with the  assumption of heat flow men- 
t ioned previously.  The e n t i r e  procedure was then repeated, i f  necessary, 

of coolant flow w a s  used i n  the  pressure d is t r ibu t ion  equations t o  de- 
termine the  pressure changes i n  the  passage. 

The heat flow as expressed by the  summation 

f o r  a corrected cc=layt flew t= sa+,isfy ecpatisn (4). mAe rips1 T T ~ ~ I L ~  

A l l  ca lcu la t ions  were made on an  IBM 650 magnetic drum ca lcu la tor .  

Range of Conditions 

The engine operating conditions are as follows: 

Engine compressor weight flow a t  f l i g h t  a l t i t ude  of 

Engine compressor weight flow a t  f l i g h t  a l t i t ude  of 
50,000 f t ,  lb/sec . . . . . . . . . . . . . . . . . . . . . . .  
80,000 f t ,  lb/sec . . . . . . . . . . . . . . . . . . . . . . .  

Turbine-inlet  temperature, OR . . . . . . . . . . . . . . . . . .  
Turbine blade t i p  speed, f t / s e c  . . . . . . . . . . . . . . . . .  
Turbine t i p  diameter, f t  . . . . . . . . . . . . . . . . . . . .  
Hub-tip rad ius  r a t i o  . . . . . . . . . . . . . . . . . . . . . .  
Blade length, f t  . . . . . . . . . . . . . . . . . . . . . . . .  
Number of tu rb ine  blades . . . . . . . . . . . . . . . . . . . .  

289.7 

. 68.1 . 3000 . 1425 . 2.74 
0.635 . 0.50 . . 50 

For each coolant (hydrogen and methane) t h e  required coolant flow 
was ca lcu la ted  f o r  the  allowable blade temperatures, which were based 
on s t ress - to- rupture  data f o r  t he  high-strength a l l o y  A-286 a t  stresses 
equal t o  one and one-half times the  centr i fugal  s t r e s s  ( cen t r i fuga l  
stress a t  t h e  blade root ,  50,000 p s i ) .  Thus, t he  s t r e s s - r a t i o  f a c t o r  
was 1.5. The conditions over which each coolant was inves t iga ted  are 
as follows: 

Hydrogen : 

Fl igh t  a l t i t u d e ,  f t  . . . . . . . . . . . . . . . . . .  50,000, 80,000 
Effec t ive  gas temperature, Tg,e, OR . . . . . . . . . . . . . . . .  2765 
Gas-to-blade hea t - t ransfer  coe f f i c i en t  at f l i g h t  

0.058 
Gas-to-blade hea t - t ransfer  coe f f i c i en t  at f l i g h t  . . . . . . . .  0.0213 
Coolant i n l e t  temperature, Tc,inlet, OR . . . .  100, 250, 500, 750, 1000 
Coolant i n l e t  pressure a t  f l i g h t  a l t i t u d e  o f  

Coolant i n l e t  pressure a t  f l i g h t  a l t i t u d e  of  

a l t i t u d e  of 50,000 f t ,  ho, Btu/( sec)  (sq f t )  (OR) . . . . . . . .  
a l t i t u d e  of 80,000 f t ,  ho, Btu/( sec)  ( s q  f t )  ( O R )  

50,000 f t ,  €',,inlet, lb/Sq f t  . . . . . . . .  3000, 6000, 9000, 20,000 

80,000 ft ,  Pc,inlet, lb / sq  f t  . . . . . . . . . . . .  3000, 6000, 9900 
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Methane : 

Flight altitude, ft . .  . . . .  . . . . . . . . . . . . . . .  50,000 
Effective gas temperature, TgYeJ 4 . .  . . . . . . . . . . . . . .  2765 
Blade outside-surface heat-transfer coefficient, ho, 

Coolant inlet temperature, Tc,iniet, 4 . . . . . . . . . . . .  250, 500 
Coolant inlet pressure, Pc,inletJ lb/sq ft . . 3000, 6000, 9000, 20,000 

. . . . . . . . . . . . .  Btu/(sec) (sq ft) (%) . . . . . . .  0.058 

RESULTS AND DISCUSSION 

When fuel is used as the turbine coolant, the factors that are im- 
portant to know are (I) how the required coolant flow compares with the 
required fuel flow, (2) what pressure losses can be expected in the 
coolant system, (3) what is the fuel temperature rise, and (4) what size 
ducts should be used for the various fuels. 

The heat transferred to the fuel is a function of the required blade 
temperature, the effective gas temperature, and the gas-to-blade heat- 
transfer coefficient; but the coolant temperature rise is also a func- 
tion of the flow rate and the specific heat of the fuel. As long as the 
required coolant flow is less than the required fuel flow, the tempera- 
ture rise of that portion of fuel being used as a coolant can b e  con- 
trolled to some extent by varying the cooling effectiveness of the blade. 
A blade with a high cooling effectiveness will require a smaller amount 
of coolant than a blade with lower cooling effectiveness, and the cool- 
ant temperature rise w i l l  be higher. It is possible, therefore, that a 
high cooling effectiveness in the blade may not be desirable in order 
to keep the fuel temperature rise at reasonable values, particularly if 
the fuel is unstable at high temperatures. With the higher coolant-flow 
rates, however, it is possible that trcL’cle m y  be encountered due to 
excessive pressure losses. For a particular application, therefore, 
compromises between coolant-flow rate, pressure losses, and temperature 
rise may be required. 

Inasmuch as it is improbable to make generalizations with respect 
to specifying the best compromise for all applications, no attempt will 
be made to do so herein. Instead, trends will be shown to illustrate 
the relative merits of hydrogen and methane as coolants for the blade 
configuration shown in figure 1. 
an optimum coolant-passage configuration. The cooling effectiveness of 
this blade will also be compared with the reverse-flow blade analyzed in 
reference 5. 

No attempt will be made to determine 
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Spanwise Blade and Coolant Temperature Distributions 

Typical spanwise temperature distributions for the blade shell and 
for the coolant are shown in figure 2 for the highest and lowest coolant 
tempzratures investigated for both hydrogen and methane. For the range 

quite flat. The greatest variation from root to tip is shown in figure 
Z(c) to be about 90' R, which is for a methane coolant inlet temperature 
of 250° R at a flight altitude of 50,000 feet. For the methane coolant 
inlet temperature of 500' R, the shell temperature variation is the least 
shown (about 15' R). Other conditions investigated for hydrogen but not 
shown in figure 2 had practically no spanwise variation. A l l  the blade- 
shell temperatures matched the allowable at the root. 

of conations investigated, the blade- shell te~perature d2ist.rihiit.ion was 

For all the conditions investigated except that shown in figure 
2(a) (solid line, coolant inlet temperature of 100' R), the temperature 
rise in leg I was greater than in leg 11. The temperature rise was gen- 
erally less in leg I1 because the coolant had become warmer and the tem- 
perature differences between surfaces and coolant were less. Consequent- 
ly, less heat was transferred to the coolant in leg I1 provided the 
heat-transfer coefficient was not radically different between legs I and 
11. The exception mentioned is an example of a case where the heat- 
transfer coefficients were very much lower in the first few segments of 
leg I, because the flow was in the laminar regime and shifted to the 
transition-flow regime toward the tip of leg I. Flow in leg I1 was all 
in the transition-flow regime, and the coefficients were considerably 
higher. 
of return-flow blade was quite unlike the coolant temperature distribu- 
tion in legs I and I1 of the return-flow blade of reference 5. In that 
blade, the coolant in the return-flow leg had no contact with the out- 
side shell (coolant flowed radially inward through an insert inside the 
coolant cavity, see fig. l(c) 1; therefore, the highest coolant tempera- 
ture was at the blade tip and the coolant temperature decreased in the 
return-flow leg. 

The coolant temperature rise in both legs I and I1 for this type 

In all cases investigated, the highest coolant inlet temperature 
resulted in the highest coolant outlet temperature. Figure 2(b) shows 
the highest coolant outlet temperature for hydrogen to be 1375O R at a 
flight altitude of 80,000 feet for a coolant inlet temperature of 
1000° R. Figure Z(c) shows the highest coolant outlet temperature for 
methane to be 1130' R for a coolant inlet temperature of 530' R. This 
temperature is still well below the decomposition temperatwe of 15300 R 
for methane. 

As previously observed, for the range of conditions investigated in 
this report, the calculated blade-shell temperature distribution was 
relatively flat and was matched to the allowable temperature at the blade 

vaiue, could pro'oably have been obtained if the allowable blade 
I root. A value of the heat transferred to the blade, closer to the final 

~- CONFIDENTIAL I 



......................... . 0 .  . 0 .  . 0 .  0 .  . 0 .  . ........ . 
* .  . . . . . . . . . . . . . . . .  . ...... 
* .  e *  0 . .  ....................... 0 .  0 .  . . .... .......... 

CONFIDENTI& NACA RM E57D03 12 

temperature a t  the  blade root  ( ins tead  of a t  the  midspan) had been used 
i n  equation ( 4 )  t o  ca lcu la te  the  coolant o u t l e t  temperature f o r  an  
assumed weight flow. Thus a t r ia l -and-er ror  solut ion f o r  t h e  required 
coolant weight flow appl ied t o  the f i rs t  segment only could have r e s u l t e d  
i n  a value closely approximating the  required coolant flows reported 
herein. 

Effects  of Coolant I n l e t  Temperature on 

Hydrogen-Coolant-Flow Requirements 

The var ia t ion  of required hydrogen coolant flow per  blade with 
coolant i n l e t  temperature i s  presented i n  f i g u r e  3 f o r  two f l i g h t  a l t i -  
tudes and a f l i g h t  Mach number of 2.5. For t h e  a l t i t u d e  of 50,000 f e e t ,  
the required coolant flow reaches a minimum of 0.00725 pound per  second 
a t  a coolant i n l e t  temperature of about 350' R.  The t rends with temper- 
a ture  are s i m i l a r  t o  those reported i n  reference 5. The discussion i n  
reference 5 with respect  t o  the f a c t o r s  leading t o  these t rends (e.g., 
the m i n i m u m  f o r  t r a n s i t i o n  flow a t  an a l t i t u d e  of 50,000 f t )  appl ies  t o  
the trends indicated i n  f i g u r e  3. For t h e  a l t i t u d e  of 80,000 feet ,  such 
a m i n i m u m  does not occur, because the  flow regime s h i f t s  from t r a n s i t i o n  
a t  the higher temperatures t o  laminar flow f o r  temperatures below 650' R. 

Comparison of Return-Flow-Blade Coolant Requirements 

Figure 4 shows a comparison of t h e  coolant-flow requirements f o r  
the blade considered i n  this repor t  ( f i n  spacing, 0.100 in.;  f i n  thick- 
ness, 0.005 i n . )  and the  return-flow blades with i n s e r t  of reference 5. 
Coolant flows are shown f o r  th ree  d i f f e r e n t  spacings between the  blade 
s h e l l  and t h e  i n s e r t .  The coolant-flow requirement f o r  the blade with 
f i n s  i s  approximately the  sane as t h a t  f o r  the i n s e r t  blade with t h e  
smallest spacing between the s h e l l  and the  i n s e r t  and i s  b e t t e r  than 
that of the  i n s e r t  blade with l a r g e r  spacings. However, d l f f i c u l t y  
could be encountered i n  passing the  required quant i ty  of coolant through 
the blade with a spacing of only 0.020 inch (ref. 5) .  The r e s u l t s  shown 
i n  table  11, t o  be discussed i n  the sect ion "Pressure requirements," 
show that t h i s  d i f f i c u l t y  was not encountered i n  t h e  blade with t h e  
f ins .  Therefore, when both heat t r a n s f e r  and pressure losses  a r e  con- 
sidered, the  blade with f i n s  i s  more e f f e c t i v e  than the  blade with the  
i n s e r t .  A s  mentioned previously, however, it may not  always be des i r -  
able t o  u t i l i z e  the most e f fec t ive  blade. I n  some cases it may be b e t t e r  
t o  use a blade which requires  a l a r g e r  coolant flow i n  order t o  keep the  
coolant temperature r ise  a t  a reasonable value. 



Effec ts  of Fin Thickness and Fin Height 

The r e s u l t s  of t he  study of the  e f f ec t s  of changing t h e  f i n  th ick-  
ness and t h e  f i n  height  are presented i n  table  I. This s tudy was made 
f o r  t he  hydrogen coolant a t  a f l i g h t  a l t i t u d e  of 50,000 feet  and a 
coolant i n l e t  temperature of 250' R. 
that, f o r  a f i n  spacing of 0.100 inch, decreasing 
height t o  f i n  thickness) from 40 t o  30 reduced t h e  required coolant f l o d  
by aboiit 14 percent.  S i n i l a r l y ,  for t h e  0.095-inch spacing, decreasing 
L/T from 20 t o  15 decreased the  required coolant f low by about 11 per- 
cent.  Evidently, a more optimum geometry than that used ( f i n  spacing, 
0.100 in.;  L/T, 40) i n  t h e  major por t ion  of t he  inves t iga t ion  could 
have been selected.  

From these r e s u l t s  it can be seen 
L/T ( r a t i o  of f i n  

Comparison of Hydrogen and Methane as Coolants 

As mentioned i n  t h e  INTRODUCTION, l iqu id  hydrogen and l i q u i d  methane 
seem t o  be f e a s i b l e  f u e l s  t o  use as coolants because of t h e  high hea t  
absorption p o t e n t i a l  that they possess by v i r tue  of t h e i r  very low t e m -  
perature  when s tored  i n  the  l i q u i d  state and t h e i r  high s p e c i f i c  hea t  i n  
the  gaseous state. The c r i t i c a l  temperature and pressure f o r  hydrogen 
are 59.9' R and 2714 pounds per  square foot ,  respect ively;  f o r  methane, 
t he  c r i t i c a l  temperature and pressure a r e  343.2' R and 97,000 pounds per  
square foot ,  respect ively.  A t  1 atmosphere of pressure,  hydrogen b o i l s  
a t  36.7' R and methane b o i l s  at  201.1' R. 

A s  shown i n  reference 5, the  coolant-flow rate required i s  almost 
inversely proport ional  t o  the  spec i f i c  heat of t he  coolant.  I n  t h e  t e m -  
perature  range encountered (looo t o  1000° R )  i n  cooling t h e  turb ine  
blades, the average spec i f i c  heat  for hydrogen i s  about 3.5 Btu per  
pound pe r  ?R. 
f o r  methane, t h e  average spec i f i c  heat  of methane i s  only 0.5 Btu pe r  
pound per  %. 
drogen required f o r  cooling would be considerably less than t h a t  f o r  
methane; but ,  s ince hydrogen has a heating value over twice t h a t  of 
methane (51,623 and 21,520 Btu/lb, respect ively) ,  t h e  hydrogen fue l -  
flow rate i s  a l s o  less. 

Over t h e  temperature range (250' t o  500° R) inves t iga ted  

It would be expected, therefore,  that t h e  quant i ty  of hy- 

A f u r t h e r  consideration i s  the  duct s izes  required f o r  hydrogen 
and methane f o r  t ranspor t ing  the  coolant t o  and from t h e  turbine.  Even 
though t h e  weight-flow quant i ty  i s  smaller f o r  hydrogen, i t s  dens i ty  i s  
so low that the  duct s i z e s  are no t  necessar i ly  smaller, as shown in ref- 
erence 5 i n  a comparison of duct s i z e s  f o r  a i r  and hydrogen. These ef- 
f e c t s  f o r  hydrogen and m e t h a n e  w i l l  be i l l u s t r a t e d  i n  t h e  f i g u r e s  show- 
ing  t h e  r e s u l t s  of t he  ana lys i s  reported herein. 
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Fuel-coolant-flow requirements. - Figure 5 presents the turbine 
rotor-blade fucl-coolant-flow requirements for both methane and hydrogen 
in terms of fuel-to-engine-air weight-flow ratios so that they can be 
easily compared with the primary combustor fuel-flow requirements (also 
presented as fuel-air ratios) for a turbine-inlet temperature of 3000' R. 
The flight Mach number was 2.5. The comparison is presented for a wide 
range of coolant inlet tem2eratures (looo to 1000° R) for hydrogen. 
methane, the coolant inlet temperatures should be kept low enough so 
that the coolant is not heated to the point where it may become unstable. 
Consequently, methane coolant-flow rates were only calculated for two 
points, both at low temperatures (250' and 500' R) . 

For 

With methane fuel as the coolant (given only for the altitude of 
50,000 ft), the coolant-flow requirement is about 29 percent of the 
primary combustor fuel-flow requirement. When hydrogen fuel is used as 
the coolant, the required coolant-flow rate for the rotor blades varies 
f rom 11 to 20 percent of the primary combustor fuel-flow rates at the 
50,000-foot altitude. At the 80,000-foot altitude, the hydrogen fuel- 
coolant-flow rates vary from about 8 to 25 percent of the primary com- 
bustor fuel flow. Cooling the turbine stator blades would probably re- 
quire approximately the same amount of coolant as for the rotor blades. 
It is indicated, therefore, that the fuel-flow rate to the combustor is 
ample for cooling both the rotor and stator blades for either hydrogen 
or methane. 
hydrogen is a much better heat sink (larger heat-absorption capacity$ 
than methane. 

As expected, because of the high specific heat of hydro en, 

Pressure requirements. - The results of the pressure-requirement 
calculations for hydrogen and methane are given in table 11. The case 
at a Mach number of 1.0 in the coolant passage is indicated by "no so- 
lution" in part (a) for hydrogen. This condition occurred for a coolant 
inlet temperature of 1000° R and a coolant inlet pressure of 3000 pounds 
per square foot. 
coolant static pressure to the blade tip in leg I, while in leg I1 the 
pressure dropped to a level that was still higher than the inlet static 
pressure. Thus a net pumping force was generated that could be utilized 
to overcome pressure drop in the ducting to and from the blade. 

In a majority of the cases, there was a rise in the 

In the remaining cases, there was a rise in static pressure to the 
tip in leg I, but the pressure in leg I1 fell to a level lower than that 
to the inlet in leg I. This condition prevails for the cases with higher 
coolant inlet temperatures and lower inlet pressures at both altitudes. 
However, since more heat is transferred to the coolant at a flight alti- 
tude of 50,000 feet (because of higher gas-to-blade heat-transfer coeffi- 
cient), this condition prevails for higher inlet pressures than it did at 
a flight altitude of 80,000 feet. For methane, this condition exists for 
the 500' R inlet temperature with an inlet pressure of 3000 pounds per 
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square foot .  A net  pumping force i s  developed f o r  t h e  other  methane 
cases. 
required coolant flow through the  type of return-flow coolant passage 
invest igated i n  t h i s  analysis .  

Thus, there  does not appear t o  be a major problem i n  passing t h e  

Cooiant ducting size. - Iii reference 5 a methzd i s  ilerivd. for corn- 
paring the  r e l a t i v e  duct o r  pipe diameters required f o r  the cases where 
the following values were constant: (1) the r a t i o  of t h e  pressure l o s s  
i n  the  duct t o  the duct i n l e t  pressure,  (2) the pipe length, and ( 3 )  the  
coolant Mach number. The f i n a l  equation f o r  diameter i s  

where K3 i s  a constant. 

With the use of t h i s  equation, t h e  r e l a t i v e  pipe diameters were ca l -  
culated f o r  t h e  required coolant-flow r a t e s  f o r  hydrogen and methane a t  
a f l i g h t  a l t i t u d e  of 50,000 f e e t  and a f l i g h t  Mach number of 2.5. With 
the pipe diameter f o r  methane a t  a coolant i n l e t  temperature of ‘2500 R 
as a- base, t h e  r e l a t i v e  pipe diameters f o r  hydrogen and methane a r e  
shown i n  f i g u r e  6 f o r  a range of coolant i n l e t  temperatures. The re- 
s u l t s  f o r  hydrogen and methane are s i m i l a r  t o  those shown i n  reference 5 
f o r  hydrogen and air .  Even though considerably l e s s  weight-flak- raie 
i s  required f o r  hydrogen, the pipe diameter required w i l l  have t o  be 
over one and one-half t i m e s  l a rger  than that  f o r  methane. Larger dim- 
e t e r s  can of ten  cause d i f f i c u l t y  due t o  sealing problems, ducting weight, 
and turbine bearing s i z e  i f  the  coolant i s  ducted through the turbine 
shaf t .  Spec i f ic  engine appl icat ions would have t o  be considered, how- 
ever, before i t  could be determined how detrimental the l a r g e r  pipe 
s izes  required f o r  hydrogen might be. 

F e a s i b i l i t y  of Fuel-Cooled Turbines 

With regard t o  both thermodynamics and heat t r a n s f e r ,  t h e  us? cf 
f u e l  f o r  cooling the turbine seems e n t i r e l y  f e a s i b l e .  The coolant-flow 
requirements a r e  l e s s  than the  fuel-flow requiremmts; turbine cooling 
i s  not limited by f l i g h t  Mach number; and, from a consideration of ea- 
gine performance, r e j e c t i n g  heat removed by the  f u e l  coolant i n t o  the 
engine compressor-discharge air  i n  the  combustor i s  probably the  most 
e f f i c i e n t  method of turbine cooling known. The only problems t h a t  cc- 
cur,  then, are p r a c t i c a l  problems i n  the  fabricat ion of t h i s  type cf 
coo.’-ant system, safe ty  considerations, and the  choice of su i tab le  fuels 
t h a t  have a la rge  heat  capacity and a r e  s table  over t h e  temperatue 
range within which they must operate as coolants. 
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No insurmountable problems are involved i n  blade f ab r i ca t ion .  The 
return-flow inse r t - type  blades analyzed i n  reference 5 have been f a b r i -  
cated a t  the  NACA Lewis laboratory.  
analyzed herein are formed from corrugated shee t  metal, the  corrugated 
sheet can form the  d iv ider  between the  i n l e t  and o u t l e t  flows with a 
crossover a t  t h e  blade t i p .  Other types of reverse-flow blades are 
probably equal ly  as f eas ib l e .  

If t h e  t ransverse f i n s  of t h e  blades 

Perhaps t h e  b igges t  problems w i l l  be t h e  ducting and the  seals be- 
tween s t a t iona ry  and r o t a t i n g  parts. Ducting the  f u e l  i n  and out  of t he  
turbine would undoubtedly be more d i f f i c u l t  i n  a mult is tage turb ine  than 
i n  a s ingle-s tage turbine.  With a s ingle-s tage turbine,  t he  i n l e t  could 
be on one face  of t he  turb ine  and the  discharge on the  opposite face.  
Either shrouded or sp l i t - t ype  wheels seem f e a s i b l e .  A simple ducting 
method i s  not  apparent f o r  a mult is tage turbine.  It may be necessary t o  
run two concentric ducts through the  turb ine  shaf t .  I f  t h e  duct s i z e s  
become large,  bear ing problems could occur with t h i s  arrangement. For 
very high f l i g h t  speeds, however, t he  s ingle-s tage turbines  would proba- 
bly be adequate, and thus the  problems with multistage turb ines  would be 
avoided. 

The development of seals that would be completely f r e e  from leaks 
between t h e  r o t a t i n g  and s t a t iona ry  parts of t h e  coolant system appears 
t o  be remote. With the  proper design, however, these leaks need not be 
a hazard. The areas around these  s e a l s  could be ven t i l a t ed  t o  the  p r i -  
mary combustor or the  a f te rburner  so that t h e  f u e l  t h a t  leaked by the  
sea ls  would be burned during engine operation. Upon shutdown, the  en- 
gine would have t o  be vented so  tha t  pockets of gaseous f u e l  could not  
accumulate, and it would probably be des i rab le  t o  purge t h e  system with 
a noncombustible gas such as ni t rogen o r  helium. 

Although there  would undoubtedly be problems i n  bui lding engines 
with fuel-cooled turbines ,  none of t he  problems seems insurmountable. 
This type of cooling system therefore  appears t o  be f eas ib l e .  

CONCLUSIONS 

Coolant-flow rates f o r  a turb ine  r o t o r  blade with a return-flow 
type of coolant-passage configurat ion formed by f i n s  within a capped 
blade s h e l l  were inves t iga ted  using hydrogen and methane f u e l s  as cool- 
ants .  The inves t iga t ion  w a s  made f o r  a h igh-a l t i tude  supersonic turbo- 
je t  engine ( f l ight  Mach number, 2.5; a l t i t u d e s ,  50,000 and 80,000 f t )  
w i t h  a tu rb ine - in l e t  temperature of 3000' R and a turb ine  blade-root 
s t r e s s  of 50,000 pounds per  square inch. Ranges of coolant i n l e t  temper- 
a tures  from 100' t o  1000° R and coolant i n l e t  pressures  from 3000 t o  
20,000 pounds per  square f o o t  were inves t iga ted .  
sions were observed. 

The following conclu- 
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1. The blade with the coolant-passage configuration formed by f i n s  
within a capped blade s h e l l  can be cooled more e f f e c t i v e l y  than a capped 
blade s h e l l  with i n s e r t  f o r  the same engine operating conditions.  

2. The dimensions used for the  investigation of t h i s  type of geom- 
e t r y  werc no t  zptip2zed= 
passage configuration could be improved by using lower fin-height-to- 
thickness r a t i o s  than were used f o r  the major port ion of the invest igat ion.  

The effectiveness of t h i s  t.me of coolant- 

3. When hydrogen w a s  used as the coolant as well  as t h e  f u e l ,  the  
coolant-flow requirements varied fran 11 t o  20 percent of the  primary 
combustor fuel-flow r a t e  a t  a f l i g h t  a l t i t u d e  of 50,000 f e e t  and from 8 
t o  25  percent a t  a f l i g h t  a l t i t u d e  of 80,000 f e e t .  

4. When methane w a s  used as the  coolant as well  as the  f u e l ,  the  
coolant-flow requirements were 29 percent of the  primary combustor fue l -  
flow r a t e  a t  a f l i g h t  a l t i t u d e  of 50,000 fee t .  

5. For t h e  wide range of coolant i n l e t  temperatures and pressures 
invest igated,  the  required coolant-flow rates  f o r  both hydrogen and 
methane were passed through the coolant-passage configuration with e i t h e r  
a ne t  pressure r ise or a s l i g h t  pressure drop. 
sure drop, t h e r e  d id  not appear t o  be a serious problem i n  passing the 
required coolant-flow r a t e s  f o r  t h i s  type of configuration. 

Thus, with regard t o  pres- 

6. O f  t h e  two f u e l  coolants investigated, hydrogen required ducts 
whose diameters were one and one-half times l a r g e r  than those f o r  methane. 

7. Cooling of gas turbine blades w i t h  f u e l s  such as hydrogen and 
methane appears feas ib le .  

L e w i s  F l i g h t  Propulsion Laboratory 
National Advisory Committee fo r  Aeronautics 

Cleveland, Ohio, Apri l  9, 1957 
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APPENDIX A 

SYMBOLS 

f l u i d  free-flow area, sq f t  

blade span, f t  

constants  i n  eq.  (B3) 

spec i f i c  heat,  Btu/(lb) (OR) 

diameter, f t  

hydraulic diameter, f t  

f r i c t i o n  f a c t o r  

acce lera t ion  due t o  gravi ty ,  32.174 f t / s e c 2  

hea t - t ransfer  coef f ic ien t ,  Btu/(sec) (sq f t )  (%) 

mechanical equivalent of heat,  778 f t - l b / B t u  

const ant  

thermal conductivity,  B t u / ( f t )  (9) (sec) 

f i n  height ,  f t  

Nusselt number, q / k  

number of increments (1 t o  10) 

s t a t i c  pressure,  lb/sq f t  

Prandt 1 number, cpp/k 

f i n  pi tch,  f t  

heat-flow rate, Btu/sec 

Reynolds number, w%/& 

radius ,  f t  
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T 

TB, av 

Tc, av 

W 

i( 

Y 

P 

r 
IJ 

z 

cp 

cu 
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Subscripts: 

av 

B 

C 

e 

i n  

i n l e t  

f 

g 

h 
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0 temperature, R 

average blade temperature f o r  any segment, ?R 

average of coolant i n l e t  and o u t l e t  temperatures f o r  any seg- 
ment, OR 

weig?it flow, ~ I E / S C C  

spanwise distance from blade root ,  f t  

dimension i n  d i r ec t ion  of f i n  height, f t  

hc,f , I ITc,av,II  + hc , f , I  T c , a v , ~  
, k-c 

r a t i o  of spec i f ic  heats 

v i scos i ty ,  lb/(sec)  ( f t )  

f i n  thickness,  f t  

hc,f ,I1 + hc,f , I ,  qft 
k z  

angular veloci ty  , r adians/sec 

average 

blade 

c oo 1 ant 

e f f ec t ive  

i n l e t  of segment Ax 

i n l e t  of coolant passage 

f i n  

gas 

blade root  (except when used with 91) 
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0 

out 

ou t le t  

t 

X 

I 

I1 

CONFIDENTIAL 

outs ide 

o u t l e t  of segment Ax 

out l e t  of coolant pas sage 

t i p  

spanwise distance from blade root, f t  

outward-flow passage (see f i g .  l ( b ) )  

inward-flow passage (see f i g .  l ( b ) )  

NACA RM E57D03 
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APPENDIX B 

DERIVATION OF EQUATIONS FOR CALCULATING BLADE-SHELL 

AND COOLANT TEMPERATURFS 

From t h e  symmetry of t h e  schematic sketch of t h e  coolarrk-passage 
p a i r  shown i n  f i g u r e  7, it can be seen t h a t  the heavi ly  shaded inverted 
T-section (consis t ing of a chordwise length of b lade s h e l l  with ha l f  of 
t he  f i n  a t tached a t  i t s  center )  i s  a representat ive sec t ion  of t h i s  type 
of coolant-passage configuration, because i t s  surroundings are i d e n t i c a l  
with t h a t  of any other  l i k e  sect ion.  Thus, each representa t ive  sec t ion  
i s  cooled by  one-fourth of t he  t o t a l  coolant flowing i n  each passage p a i r .  
The der ivat ion of t h e  hea t - t ransfer  equations of t h i s  inves t iga t ion  i s  
based on t h i s  representa t ive  sect ion.  
por t ion  of t h e  blade s h e l l  serves as an augmenting hea t - t ransfer  surface,  
it i s  necessary t o  include the  e f f e c t  of heat conduction from t h e  inner  
surface of t h e  blade s h e l l  i n t o  t h e  f i n  i n  the der iva t ion  of t h e  heat-  
t r ans fe r  equation f o r  ca lcu la t ing  t h e  blade-shel l  temperature. Therefore, 
the  temperature d i s t r i b u t i o n  i n  t h e  f i n  m u s t  be derived before  t h e  equa.- 
t i o n  f o r  t he  b lade-she l l  temperature can be derived. 

Inasmuch as t h e  f i n  a t tached t o  a 

Fin Temperature Distr ibut ion 

The heat  conducted i n t o  t h e  f i n  through i t s  base of attachment t o  
the  s h e l l  i s  conducted along i t s  length and removed by  convective heat  
t r ans fe r  t o  t h e  coolant flowing i n  legs  I and 11. 
element of t h e  f i n ,  as i l l u s t r a t e d  i n  f igure 7 (spanwise conduction i s  
ignored and conduct ivi ty  normal t o  

For a d i f f e r e n t i a l  

y i s  i n f i n i t e ) ,  t h e  hea t  balance i s  

This equation reduces t o  
n 
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and 

(p2 = hc;f ,I + hc , f , I I  
k 7  

The so lu t ion  f o r  t h i s  equation i s  

NACA RM E57D03 

The constants C 1  and C2 can be evaluated from t h e  boundary conditions. 
When y = 0, Tf = Tg,av; and, when y = L/2, dTf/dy = 0. From these  
conditions, t h e  temperature d i s t r i b u t i o n  i n  t h e  f i n  can be expressed as 

The evaluation of a heat- t ransfer  coe f f i c i en t  was based on a f i l m  t e m -  
perature, which required knowing a mean f i n  temperature. The equation 
f o r  ca l cu la t ing  a mean f i n  temperature i s  

Subst i tut ing Tf from equation (B4) i n t o  t h e  preceding expression and 
in tegra t ing  y i e l d  

Blade-Shell Temperature 

The equation for ca lcu la t ing  the blade-shel l  temperature i s  derived 
from a balance of heat  f lux  enter ing and leaving a segment of t h e  blade 
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s h e l l  with an a.ttached f i n .  
wise segment i s  

This heat-flow summation f o r  a s m a l l  span- 

- 7  
(Tg - _  ,e  - TB ,av ) & = h  c , I  2 (TB,av - T  c,av,I + 

This equation neglects the va r i a t ion  of the shell  temperature between 
t h e  f i n s  and assumes t h e  s h e l l  temperature t o  be t h a t  a t  the base of t h e  
f i n .  The las t  t e r m  of t h e  equation i s  the heat conducted from t h e  s h e l l  
through t h e  base of t h e  f i n .  
(B4) with respect  t o  

Subst i tut ing the de r iva t ive  of equation 
y, when y = 0, i n t o  equation (B7) yields 

Solving equation (B8) f o r  t h e  average s h e l l  temperature f o r  t h e  segment 
y i e  Ids 

Coolant Temperature R i s e  

The temperature r i se  or  drop of t h e  coolant i n  t h e  passages i s  due 
t o  r o t a t i o n  and convective heat  t r a n s f e r  from t h e  blade s h e l l  and t h e  
f i u .  The temperature r ise  from t h e  blade root  t o  any po in t  x due t o  
r o t a t i o n  can be expressed as 

d(r$ - rg) 
2g Jc  P 

m, = 
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If t h e  blade span is  divided 
rise from t h e  (n - 1) t o  the 
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i n t o  a number of increments, t h e  temperature 
nth increment i s  

which reduces t o  

Convective heat  t r a n s f e r  from the blade s h e l l  t o  t h e  coolant i n  
leg I can be expressed as 

Similarly, i n  l eg  I1 it i s  

Convective heat  t r a n s f e r  from one s ide  of t h e  f i n  t o  t h e  coola.nt i n  l eg  I 
can be expressed as 

Similarly, f o r  l e g  I1 

Subs t i tu t ing  equation (B4) i n t o  equations (B14) and (B15) and 
over t h e  l i m i t s  indicated y i e l d  

in t eg ra t ing  
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2 
(p2 .(PL/2 - .-(PL/2 0317) 

%,av - 
Qc,f,II - hc,f , I I  2 .'PL/2 + e-cpLp (5 - Tc,II) + hc,f , I I  cp 

Tne temperature of the coolant ieaving any segment of l e g  1 can be 
obtained by adding t o  t h e  coolant temperature a t  t h e  i n l e t  of the segment 
the temperature r i s e  due t o  r o t a t i o n  (eq. (B11)) and t h e  temperature 
r i s e  due t o  convective t r ans fe r  from t h e  s h e l l  and t h e  f i n  (eqs. (B12) 
and (B16),  respect ively,  divided by weep/$). These equations are 
divided by  one-fourth of t h e  t o t a l  coolant flow per passage pair for t h e  
reasons indicated a t  the beginning of t h i s  appendix. 

Similarly,  t h e  temperature of t h e  coolant enter ing l e g  I1 f o r  t h e  
segment can be obtained by  using equations ( B l l ) ,  (B13),  and (B17). 
However, i n  this case the terms representing temperature change due t o  
convective heat  t r a n s f e r  are subtracted from t h e  segment o u t l e t  tempera- 
ture p lus  t h e  temperature r i s e  due t o  ro ta t ion ,  because coolant-flow 
d i r ec t ion  i s  opposite t o  the  x-direction: 
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TABLE I. - COMPARISON OF COOLANT-FLOW REQUIREMENTS WHEN FIN 

THICKNESS AND FIN HEIGHT ARE VARIED 

[Coolant, hydrogenj coolan t - in le t  temperature, 250° R; 
t u r b i n e - i n l e t  temperature, 3000' R; blade-root s t r e s s ,  
50,000 ps i ;  s t r e s s - r a t i o  f ac to r ,  1.5; f i n  p i tch ,  0.105 
in.;  f l i g h t  a l t i t u d e ,  50,000 f t ;  f l i g h t  Mach number, 
2.5.3 

Geometry 

A 
B 
C 
D 

Average 
f i n  
height , 

i n .  

0.20 
.20 
.15 
.15 

Fin 
thickness  , 

i n .  

0.005 
.010 
.005 
.010 

Fin  
spacing , 

i n .  

0.100 
.095 
.loo 
.095 

Coolant 
flow per 
passage 
p a i r ,  

Lb/sec 

0.000612 
.000548 
.000528 
.000489 

Fin  height 
F i n  th ickness '  

L/T 

40 
20 
30 
15 
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heat-transfer 
coefficient, 
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Coolant Coolant Required Coolant Coolant 
inlet tem- coolant inlet static outlet 
perature, flow per static pres sure static 
Tc,i,inlet, blads, i;resgli~'e, at blade preBs-u?e, 

OR Wc, Pc,I,idetr tip, Pc,tr Pc,II,autlet. 
lb/sec lb/sq ft lb/sq ft lb/sq ft 
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0.00778 

0.00734 

0.00751 

29 

3,000 
6,000 
9,000 
20 , 000 
3,000 
6,000 
9 ,000 
20,000 

3 , 000 
6,000 
9,000 
20,000 

0.00895 3,000 
6,000 
9,000 
20,000 

0.0580 

___ 
0.0213 

3.01233 

100 

3,000 
6,000 
9 , 000 
20,000 

3,495 
7,047 

10,586 
23,567 

3.00115 

3,308 
6,802 
10,253 
22,874 

3,000 
6,000 
9,000 

250 

3.00137 

3.00208 

3.00282 

3.00384 

3,170 
6,441 
9,688 

21,569 

3,006 
6,199 
9,348 
20,850 
2,845 
6,069 

20,584 

5,878 
9,045 
20,424 

9,200 

(a) 

3,000 
6,000 

3,000 
6,000 

3,000 
6,000 

3,000 
6,000 

9,000 

9 , 000 

9,000 

9,000 

2,998 
6,277 
9,489 
21,194 

2 50 

500 

0.0449 3,000 
6,000 
9,000 
20,000 

2 J 778 
6,027 
9 , 161 
20,541 
2,451 
5,838 
8,976 
20,265 

5,468 
8,711 
20,063 

(a) 

500 

750 

0.0449 3,000 3,672 

9 , 000 12,172 
20,000 27,218 

6,000 7,995 

1000 

100 3,285 
6,580 
9,924 

3,290 
6,600 

3,159 
6,337 
9.497 

9 , 957 
2 50 3,169 

6,344 
9,506 

6,238 
9 , 364 
3,111 500 

7 50 

3,069 
6,175 
9,274 

3,068 
6,169 
9,264 
3,024 
6,119 
9,198 

3,004 
6,082 
9,144 
2,928 
6,012 
9 , 059 

1000 

(b) Methane 
0.0580 4,994 

10,214 
15,381 
34,267 

3,409 
7,638 

11,655 
26,176 
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(c )  Blade used i n  reference 5. 
Figure 1. - Concluded. Return-flow type of coolant-passage configurations 

f o r  turbine ro to r  blades. 
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0 200 400 600 800 1000 
Coolant i n l e t  temperature, T,, inlet, OR 

Figure 3. - Variation of coolant-flow requirenents 
w i t h  coolant i n l e t  temperature. Coolant, hydro- 
gen; e f f ec t ive  gas temperature, 2765O R; stress- 
r a t i o  f ac to r ,  1.5; f l i g h t  Mach number, 2.5. 
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Blade  of - 
This investi  at ion 

(with f ins7  
.032 --- R e f .  5 (with inser t )  

Coolant in le t  temperature, Tc, inlet, OR 

Figure 4. - Comparison-of coolant-f low requirements fo r  return- 
flow blades w i t h  insert ( re f .  5) and w i t h  f ins .  Coolant, 
hydrogenj effective gas temperature, 2765' R; f l i gh t  altitude, 
50,000 feet; f l i g h t  Mach number, 2.5. 
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Figure 5. - Comparison of primary combustor fuel-flow require-  
ments w i t h  those of rotor-blade coolant -f low requirements. 
Effect ive gas temperature, 2765O R; turbine- inlet  tempera- 
ture, 30000 R; f l igh t  Mach number, 2.5. 
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I 
Coolant 
Hydrogen - 

0 200 400 600 800 
Coolant inlet  temperature, Tc, inletr OR 

1000 

Figure 6. - Variation of relative pipe diameter with coolant 
inlet  temperature for constant pipe pressure loss. 
blade heat-transfer coefficient, 0.058 Btu/(sec) (sq ft)(?F);  
f l ight  altitude, 50,000 feetj f l igh t  Mach number, 2.5. 
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